We have used a ferroelectric BaTiO3 substrate with a hematite nanostructured surface to form a heterogeneous BaTiO3/α-Fe2O3 photocatalyst. In this study we show that differing the mass ratios of α-Fe2O3 on the BaTiO3 has a significant influence on photoinduced decolourisation of Rhodamine B under simulated sunlight. The highest photocatalytic activity was obtained for BaTiO3-Fe2O3-0.001M relating to the lowest mass ratio of α-Fe2O3 in our study. This catalyst exhibited a two-fold increase in performance compared to 2 pure BaTiO3 and a five-fold increase when compared to the higher surface area pure α-Fe2O3.
Introduction
For some years semiconductor photocatalysis has been part of the toolbox of strategies to address environmental remediation such as wastewater treatment and indoor air purification, 1,2 and facilitate solar fuel production. There are still inherent problems such as low carrier diffusion lengths and internal recombination of carriers that prevent a meaningful penetration of semiconductor photocatalysts into commercial applications. 3 An efficient photocatalyst must fulfill defined criteria that include an appropriate band gap and band-gap configuration, effective charge carrier separation and chemical stability. 4 It is being recognised that there are few, if any, single material systems that satisfy all these requirements simultaneously. The search is now on for combinations of materials that produce heterojunctions to improve photocatalytic efficiency by manipulation of interfacial charge transfer and separation and enhancement of visible-light-3 harvesting. [5] [6] [7] The advantage of heterojunctions between semiconductors for photocatalytic applications has been subject of review articles. 8, 9 Due to the existence of spontaneous polarization in ferroelectric materials, photogenerated electrons and holes in the space charge layer can be spatially separated and migrate in opposite directions. [10] [11] [12] The internal-field-driven separation of electrons and holes inhibits recombination of charge carriers and increases their lifetime. 13 These unique properties make ferroelectric materials promising candidates for effective photocatalysts, and a series of ferroelectric materials such as LiNbO3, BaTiO3 have been successfully applied in semiconductor photocatalysis. 14, 15 The benefits of using a ferroelectric material also extend to the manner in which the material screens the surface charge. It was demonstrated that the H2 generation rate of a thin TiO2 film deposited on poled single crystal of LiNbO3 was dependent on the polarization conditions. 16 In addition, Rohrer et al. demonstrated that the spatially separation of redox reactions also happened on a thin layer of TiO2 on ferroelectric BaTiO3 substrates. 17 All these phenomena were ascribed to the external screening of the surface charge in ferroelectrics arising from ferroelectric polarization, and the dipoles in ferroelectric substrates are expecting to impact on the motion of charge carriers in the semiconductor thin films on top. Considering these intriguing polarizationdependent surface properties, a series of these heterogeneous photocatalysts composed of ferroelectrics and nonferroelectric semiconductors have been developed, including BiFeO3/TiO2, 18, 19 PZT/TiO2, 20 PbTiO3/TiO2, 21 etc. The enhanced photocatalytic activity of these composite-structured photocatalysts was ascribed to the charge carriers separation promoted by the ferroelectric polarization and/or the heterojunction structure, and the enhanced surface area of the nanostructured shell.
Hematite (α-Fe2O3) has been widely applied in photoelectrocatalytic water splitting, 22 enviromental remediation, 2 etc. due to its favorable optial band gap (1.9 ~2.2 eV), 23 abundance, good stability, non-toxicity, and low cost. However, it suffers from very short hole diffusion length and charge carrier lifetime. 24 Considering the drawbacks of α-Fe2O3, we attempted to combine a ferroelectric material with α-Fe2O3, and expected that the ferroelectric dipole and heterojunction can endow the heterostructured photocatalyst with an excellent photoactivity. To our knowledge there are few reports of heterostructured photocatalysts combining α-Fe2O3 and ferroelectric semiconductors. In this study, we choose ferroelectric BaTiO3, which has been shown to be a promising candidate for photocatalysis, 15 as the other component to form a heterojunction with α-Fe2O3 and investigate the photocatalytic activity of the heteostructured photocatalyst BaTiO3/α-Fe2O3 in photodecolourisation of organic dye under simulated solar light.
Experimental Methods
BaTiO3 was supplied by Sigma (99.9% trace metal basis, <2 μm) and post-processed to produce a ferroelectric powder. 15 The heterostructured BaTiO3/α-Fe2O3 catalysts were prepared by dissolving the required amount of Fe(NO3)3·9H2O in 30 ml ethanol to obtain a concentration (Fe 3+ ) of 0.001M, 0.01M, 0.1M and 0.5M. 1.5 g of BaTiO3 was added to the ethanol solution and vigorously stirred at room temperature for 30 minutes. This was followed by ultra-sonication for 30 minutes and evaporation of the ethanol at 50 ºC. The powder was then annealed at 300 ºC for 10 minutes followed by thorough ethanol-washing. The powder was finally annealed at 300 ºC for 6 hours. The as-prepared powders were termed BTO-Fe2O3-0.001M, BTO-Fe2O3-0.01M, BTO-Fe2O3-0.1M and BTO-Fe2O3-0.5M according to the iron nitrate concentration used. For control, α-Fe2O3 was prepared using the same method without adding BTO as a support.
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The phase compositions of the powders were analysed using X-ray diffractometer (Panalytical Xpert Pro diffractometer) with Cu-Kα radiation. The morphology of the powders was observed using SEM (scanning electron microscopy, FEI Inspect The photocatalytic performance of the catalysts was assessed by photodecolourisation of Rhodamine B dye solution under simulated sunlight. 50 ml RhB dye solution (10 ppm) was mixed with 0.15 g photocatalyst powder, followed by vigorous stirring for 30 minutes in dark to achieve an adsorption-desorption equilibrium. Then the solution was exposed under simulated sunlight with an irradiation intensity of 100 mWcm -2 . During the photodecolourisation process, about 2 ml of the solution was sampled every 30 minutes, followed by centrifugation. Then the concentration of the dye solutions was analysed using UV-Vis spectrophotometer (Perkin Elmer Lambda 950). The transient photocurrent was measured on a CHI660E electrochemical station (Shanghai Chenhua, China) using Na2SO4 (0.5 M, pH 6.5) solution as the electrolyte, Ag/AgCl as the reference electrode and a Pt sheet as the counter electrode. The powdered photocatalysts were deposited onto FTO which was employed as the working electrode. A 300 W xenon lamp was used as the light resource and a distance of 10 cm was fixed between the lamp and the working electrode.
Results and Discussion

Characterisation of catalyst structures
The morphologies of the photocatalysts were observed using SEM, shown in Figure 1 With increasing of Fe2O3 mass ratio, the surface morphologies of the photocatalysts change and a secondary species can be seen on the surface. The EDX spectrum shows the existence of Fe species on the surface.
8 cross sections mean that it is not possible to obtain an X-ray diffraction pattern under our experimental conditions. A similar phenomenon has been previously reported. Fe 2p3/2 peak. This peak is considered as the associate satellite peak of Fe 2p3/2 main peak, which is a characteristic feature of Fe 3+ in α-Fe2O3. 24, 26, 27 Overall, the analysis of the XPS spectra supports the formation of α-Fe2O3 on the surface of heterostructured BTO-Fe2O3 photocatalysts.
The microstructures of BTO-Fe2O3 systems were further investigated by TEM (Figure 4) . In contrast to the smooth edge of plain BaTiO3 (see Fig. S3a ), some secondary-phase nanoparticles with an average size below 10 nm formed on the surface of BaTiO3 particles in BTO-Fe2O3-0.001M, as seen Fig. 4a . With an increase in Fe(NO3)3 concentration during synthesis, the thickness of the Fe containing layer increased and gave a maximum average for BTO-Fe2O3-0.5M at 84 nm, shown in Figure S3c . It should be noted that the thickness of the secondary-phase layer is not uniform and varies for the samples with high loading quantity, as would be expected for the agglomeration of secondary particles on a primary substrate. The thickness of this layer was measured choosing different areas and particles, and then averaged. In addition, an 
, where α, A,  and Eg represent the absorption coefficient, proportionality, light frequency and bandgap respectively. As presented in Figure 5b , the bandgaps of BTO,
Fe2O3 are estimated to be 3.14 eV, 3.1 eV, 3.0 eV, 2.72 eV, 1.89 eV, 1.88 eV respectively. According to Fig. 5a , the absorption intensity of the heterostructured system increases in the visible-light range when compared with pure BTO. This is due to the coating of Fe2O3, which has a narrow band gap (ca. 1.88 eV) and can absorb light in the visible-light range. Furthermore, this visible absorption increases with increasing Fe2O3 quantity. There is a distinct shape change of the absorption spectra that can be observed upon addition of Fe2O3, with a clear absorption onset around 400 nm in the pure BTO catalyst and in samples with a low mass ratio of Fe2O3 (BTO-Fe2O3-0.001M and BTO-Fe2O3-0.01M). This is related to the major absorption by the core BTO in these samples, which can be supported by the estimated bandgap values in Fig. 5b, i.e. the bandgaps of BTO-Fe2O3-0.001M and BTO-Fe2O3-0.01M are close to that of BTO. In contrast, this absorption onset assigned to BTO was not observed in the systems with higher Fe2O3 content and the absorption spectra were similar to pure Fe2O3. This indicates that the main photon-absorption species change from the BTO core to the Fe2O3 shell with increasing quantity of surface loaded Fe2O3. Accordingly, the bandgaps of the samples with high Fe2O3 content are more close to that of pure Fe2O3 other than BTO (Fig. 5b) . 
Assessment of photocatalytic activity
The dye-molecule adsorption results are listed in Table S1 . After adsorption-desorption equilibrium in dark, the largest adsorption was observed in α-Fe2O3 which has the largest surface area. Bare BTO and BTO-Fe2O3-0.001M showed similar adsorption amount, but smaller compared with α-Fe2O3. The photocatalytic activity of these photocatalysts was measured by photodecolourisation of Rhodamine B under simulated solar light. Figure 6 shows the degradation profiles of the photocatalysts tested.
The kinetics of photodecolourisation of RhB using the synthesised photocatalysts follows the zero-order rate law, 28, 29 shown in Figure 6a , which can be expressed as follows: In order to uncover the mechanisms of photodegradation, the reactive radicals during photodegradation were detected through the addition of various radical scavengers. EDTA was selected as a hole scavenger and ethanol was chose as a hydroxyl radical scavenger. 30 As shown in Fig. 7 , with the addition of ethanol, the overall degradation was inhibited to some extent.
About 70% of RhB molecules were degraded in comparison with almost 100% degradation when no scavenger was added. When adding EDTA to the dye solution, the degradation process was significantly restrained and minor degradation was observed. Considering the role of hole scavenger of EDTA, it is believed that the inhibition of photocatalytic reactions is related to the quench of holes by EDTA. Overall, the radical trapping experiments demonstrated that holes are playing a dominate role in the degradation process.
Recyclability Test Figure 7 . Comparison of degradation profiles with BTO-Fe2O3-0.001M with or without adding ethanol and EDTA. A significant inhibition of degradation after the addition of EDTA suggested holes were the main reactive radicals during the degradation.
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The stability of the photocatalysts were tested as well and the results are shown in Figure 8a . No significant deterioration in photocatalytic activity of BTO-Fe2O3-0.001M was observed. The minor change in the XRD pattern of BTO-Fe2O3-0.001M after recycle test implies a good stability of the photocatalyst. (Figure 8b )
Discussions
Normally the morphologies, surface areas, light absorption and band gap configurations of a photocatalyst are impacting its performance. To determine which of these elements plays the major role in the observed rate enhancement in our work, these factors will be discussed one by one. The TEM images show some very clear changes to the catalysts surfaces and this is also associated with changes in the surface area (Table S1 ). The BET surface areas of the catalysts The XRD patterns of BTO-Fe2O3-0.001M before and after recycle test. Minor changes were observed, indicating a good stability of photocatalysts.
increase from below 1 m 2 /g for BTO-Fe2O3-0.001M to over 23 m 2 /g for BTO-Fe2O3-0.1M.
Large surface areas are generally considered beneficial as they provide more active sites for reactions on the surface. In order to exclude the effect of surface area on the photochemical processes the reaction rates of different photocatalysts were normalized by surface area, shown in Figure S5 . After excluding the influence of surface area, the fastest reaction rate was obtained the Fe2O3-0.001M system which was 2.5 times faster than for pure BaTiO3 and over 500 times faster than Fe2O3 control catalyst. Indeed, it is somewhat surprising that highest photocatalytic activity was obtained for BTO-Fe2O3-0.001M, which had the smallest surface area for all heterostructured catalysts. Our observed trend of photocatalytic rate vs. surface area indicates that surface area is not the main factor contributing to the higher photoreaction rate.
Another influencing factor may be the improved visible-light harvesting. In order to confirm this, the photocatalytic performance with BTO-Fe2O3-0.001M and bare BTO was compared under visible light with the UV portion removed by a filter (see Figure 9 ). Under these circumstances there was no significant observable difference between the performances of the two photocatalysts. Indeed, in these tests both catalysts produced almost no dye decolourisation. This result is somewhat surprising as BTO-Fe2O3-0.001M demonstrated enhanced absorption in the visible-light range compared with bare BTO ( Figure 5 ). However, this is reasonable considering the low mass ratio of Fe2O3 in the heterostructured photocatalyst (0.16% for BTO-Fe2O3-0.001M), and the relatively low visible-light absorption for this best-performing catalyst.
Therefore, the influence of increased visible-light absorption in BTO-Fe2O3-0.001M on its improved performance can be ruled out, and it is BaTiO3 that dominantly generates photoelectrons and holes for BTO-Fe2O3-0.001M. In addition, the minor degradation observed under visible light also demonstrated the limited contribution from photosensitization of RhB in 18 our photocatalytic system. This could be related to the band bending induced by ferroelectric polarization, which hinders the electron transfer from RhB to the conduction band of photocatalysts 31 .
The third reason is the band-gap configuration in the composite photocatalysts leading to a local electric field capable of separating photoexcited carriers. We show the relative band positions for BaTiO3 and Fe2O3 in Figure 10a . We have determined the band positions for BaTiO3 and α-Fe2O3 using the empirical formula, edge positions are in good agreement with previously reported results. 34, 35 The Fermi level position of n-type BaTiO3 is assumed to be at 0.1 eV lower than the conduction band edge. 36, 37 The work function for α-Fe2O3 5.4 eV situates its Fermi level ca. 0.61 eV below the conduction band edge. 38 According to the models of a ferroelectric/semiconductor heterostructure proposed by Watanabe, 39,40 the band bending contributed from the polarization of ferroelectrics will counteract or superimpose the band bending due to the heterojunction. This model has been successfully applied in heterostructured ceramic powders composed of ferroelectric (Ba, Sr)TiO3 core and TiO2 shells 36, 37 . Based on these, band configurations of heterostructured BTO/α-Fe2O3
were proposed (Fig. 10b, c) .
As presented in Fig. 10 b, c, with negative (positive) polarization, the holes (electrons) generated in BTO will move towards the interface due to its internal ferroelectric polarization. Holes can easily inject into Fe2O3 due to their valence band position differences (Fig. 10b) . Photoelectrons (Fig. 10c) . We have calculated the electron tunneling probability using previously reported methods, 41 see Figure S6 , and show that the probability of tunneling is negligible. Therefore, it can be speculated that it is necessary for photoelectrons accumulated in the interface to have a direct contact with dye solution species to drive the photodegradation.
Considering the optimum photodegradation activity of BTO-Fe2O3-0.001M, where Fe2O3 nanoparticles exist in a thin island-like form instead of a complete layer, a typical morphology model was proposed, as presented in Figure 11 . The island-like morphology of Fe2O3 on the surface of BaTiO3 allows the photons to reach BaTiO3 exciting both Fe2O3 and BaTiO3 ( Figure   11a ). There are numerous triple points between BaTiO3, Fe2O3 and dye solutions, where charge carriers accumulate nearby. Meanwhile these triple points allow dye solution to contact with charge carriers directly. Thereafter H2O, O2, OH -, and RhB molecule in dye solution can have a series of reactions with charge carriers, leading to the observed photodegradation (Figure 11b ).
Therefore, these triple points are critical for redox reactions through providing active sites for both reduction and oxidation. When the loading quantity of Fe2O3 is higher, the number of triple points reduced and the continuous Fe2O3 layer formed around BTO absorb the majority of irradiation light, suppressing the photoexcitation of BTO (Figure 11c ). In addition, the limited contact between dye solutions and electrons/holes in BTO may also account for the deterioration of photocatalytic performance at higher Fe2O3 loading.
Based on the discussion above, it can be concluded that the improved charge carrier separation arising from both heterojunction band bending and ferroelectric dipole account for the highest photocatalytic activity of BTO-Fe2O3-0.001M. Meanwhile the interface morphology control of Fe2O3 on BTO surface is also crucial for the excellent performance.
To further support our claim on the enhanced charge carrier separation, photoluminescence spectrum analysis was carried out to evaluate the charge carrier recombination of photocatalysts and the results are shown in Figure 12a . A stronger PL peak intensity usually implies a higher chance of recombination between electrons and holes. 25, 26 As can be seen, after introducing Fe2O3, the PL peak intensity of BTO dropped significantly, indicating a higher charge separation efficiency. In addition, the transient photocurrent was measured on a three-electrode electrochemical system when the photocatalyst acting as the working electrode. When the light was turned on, both BTO and BTO-Fe2O3-0.001M showed an apparent photocurrent as expected 
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( Fig. 12b) . However, the photocurrent density obtained in BTO-Fe2O3-0.001M was about 1.3 times that of BTO, indicating a more effective charge carrier separation in BTO-Fe2O3-0.001M. This is consistent with the PL spectra and the trend of observed photocatalytic performance.
Last but not least, the external screening of the surface polarization charge in BTO will induce holes and electrons in Fe2O3 to migrate in opposite directions and then the drawbacks of short charge carrier lifetime of Fe2O3 will be overcame. Although the contributions from the charge carriers of Fe2O3 to the overall photocatalytic performance is limited (Fig. 9 ) due to its very low amount, one can still expect to steer charge carrier motion of a semiconductor and improve photocatalytic performance based on ferroelectric dipoles considering the external screening of ferroelectric surface charge. The similar statement that the built-in electric field of BaTiO3 nanocrystals can assist in separating the photo-induced charge carriers of surface-attached Ag2O also supports our hypothesis 42 . This speculation can be further supported by the conclusions that the piezoelectric polarization of ZnO nanorods was verified to be capable to reduce charge carrier recombination and extend lifetime in a polymer/ZnO photovoltaic devices 43 . In addition, the non-ferroelectric cubic BTO instead of ferroelectric tetragonal BTO was also employed as a substrate to combine with α-Fe2O3 to investigate the effect of ferroelectric dipole. The comparison of photodegradation profiles between the ferroelectric and non-ferroelectric based composited photocatalysts is shown in Fig. S7 . Under the same preparation method, ferroelectric BTO/α-Fe2O3 showed a higher photodegradation efficiency than non-ferroelectric BTO/α-Fe2O3.
This priority should be related to the ferroelectric polarization of BTO as well. As BTO is the dominate component generating charge carriers in the heterostructured photocatalysts, the builtin electric field in ferroelectric BTO assists charge carriers separation and more electrons/holes can involve in the following degradation.
Conclusion
BaTiO3/α-Fe2O3 photocatalysts with different mass ratios of Fe2O3 were produced. The optimum photocatalytic activity was obtained for BaTiO3-Fe2O3-0.001M with an enhanced photodecolourisation rate of RhB dye when compared to control systems of pure BaTiO3 and Fe2O3. The improved performance was attributed to efficient charge carrier separation in the interface due to heterojunction band alignment and ferroelectric polarization. We also show that a triple point between BaTiO3, α-Fe2O3 and dye solution is important to enable the required redox reactions to proceed. The catalysts demonstrate good photocatalytic stability in a recycling test and holes were verified as the dominant reactive species during the photodegradation. We propose that the junction between a ferroelectric substrate and semiconductor photocatalyst provides a new strategy to manipulate charge transport and enhance performance. This material is available free of charge via the Internet at http://pubs.acs.org.
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